Background. African adults infected with human immunodeficiency virus (HIV) have high rates of pneumococcal colonization and invasive disease. Here we have investigated the possibility that HIV disrupts the normal balance of pneumococcal-specific helper T cell (Th) 1/Th17 immunity to colonization, resulting in a more permissive nasopharyngeal niche.
Worldwide, invasive pneumococcal disease (IPD), in the form of pneumonia, bacteremia, and meningitis, is a leading cause of mortality [1, 2] . In particular, subSaharan Africa has a disproportionate burden of IPD, which in adults is largely associated with the human immunodeficiency virus (HIV) epidemic and persists despite antiretroviral therapy (ART) [3] . As with many opportunistic pathogens, pneumococcal colonization of the mucosal surface generally precedes a multistep process that leads to invasive infection [4] and provides a reservoir for person-to-person transmission within the population [5] . In humans, certain capsule serotypes are associated with carriage, while others with a different invasive potential are more commonly associated with IPD [6] . The nasopharyngeal niche supports the carriage of multiple pneumococcal serotypes, particularly in children [7] , facilitating horizontal gene transfer between pneumococcal strains and across bacterial species [8, 9] . However, the onset and maintenance of carriage in the nasopharynx, and the emergence of variation by this commensal, is controlled by host immune surveillance [10] [11] [12] [13] [14] .
Recent data suggest that 2 separate lineages of CD4 T cells facilitate the clearance of pneumococcal colonization within the nasopharynx (Th1/Th17) and control the multiplication of bacteria following dissemination (principally Th1) [15] . While this concept is largely based on studies performed in murine models [16, 17] , there is increasing evidence that Th1 and Th17 are important in human naturally acquired immunity to pneumococcus [11] [12] [13] [14] 18] . It has been shown that individuals with hyper-IgE syndrome are defective in Th17 differentiation and susceptible to recurrent pulmonary infections [18] , and that pneumococcal-specific interleukin 17 (IL-17) CD4 T cells are present within the human mucosa [13, 14] . Furthermore, Th1 interferon gamma (IFN-γ) responses to the pneumococcus are found within the mucosal and systemic compartments along with T-cell-dependent isotype-switched immunoglobulin G and immunoglobulin A antibody to pneumococcal protein antigens [11, 12] . Any underlying change in Th1/Th17 responses during HIV infection may disrupt either mucosal and/or systemic pneumococcal immune defenses. Th17 supports mucosal defense by producing antimicrobial β-defensins [19] and promoting phagocytic recruitment to the nasopharynx for pneumococcal engulfment [13] . Th1 supports systemic and mucosal immune compartments by enhancing phagocytic function and helping generate pneumococcal-specific memory B cells, which produce opsonizing and complement fixing antibodies.
Although HIV infection is associated with higher rates of pneumococcal colonization [20, 21] and invasive disease [22, 23] , changes in pneumococcal-specific T-cell immunity and consequential effects on colonizing pneumococci during HIV infection have not been extensively described. We have previously shown that early in disease progression, HIV-infected Malawian adults and children have evidence of immune activation and senescence associated with impaired pneumococcal-specific immune memory [24, 25] . We have now explored the hypothesis that Th1/Th17-mediated immune control is impaired in HIV, resulting in colonization by multiple serotypes not typically seen in healthy individuals. We show striking increases in pneumococcal colonization with a broad range of serotypes during the progression of HIV infection in adults. These are associated with dynamic changes in peripheral pneumococcal-specific Th1 IFN-γ responses but not IL-17 production. Immune reconstitution with ART does not lead to restoration of immune control, which may promote pathogen adaptation and transmission within this growing population.
MATERIALS AND METHODS

Ethics Statement
The study was approved by research ethics committees at The College of Medicine, Malawi (P.07/10/960) and The Liverpool School of Tropical Medicine (11.00). Individuals were recruited from the voluntary counseling and testing clinic at Queen Elizabeth Central Hospital, Blantyre, Malawi, following written informed consent.
Subjects
Of 136 subjects, 32 were healthy controls confirmed by 2 HIV rapid antibody tests, Uni-gold (Trinity Biotech) and Determine (Abbott Laboratories) Of 104 subjects infected with HIV, 32 subjects were asymptomatic (World Health Organization [WHO] stage I), and 24 were symptomatic (WHO stage IV). Of the 48 subjects who were established on ART (27 were on ART for 6-12 months and 21 for 18-24 months). Peripheral blood CD4 T-cell counts were determined by flow cytometry using FACSCount (BD Biosciences).
Assessment of Pneumococcal Colonization
Nasopharyngeal swabs were placed into a vial of skimmed milk-tryptone-glucose-glycerol (STGG) transport medium [26] . Streptococcus pneumoniae was identified by morphologic characteristics and optochin susceptibility following growth on gentamicin blood agar.
Pneumococcal DNA Extraction and Serotyping
Pneumococci in STGG were diluted 1:10 and 1:100 using brain heart infusion broth; 50 µL was plated onto a colistinoxolinic acid-blood agar and incubated overnight at 37°C in 5% CO 2 . Colonies were harvested using the plate sweep technique [7] into 1.5-mL tubes, and bacteria were centrifuged at 7500 rpm for 10 minutes. DNA was extracted from the pellet using QIAamp DNA Mini Kit (Qiagen). Molecular serotyping was performed on DNA extracts using the BµG@S SP-CPS v1.4.0 microarray, which determines multiple serotypes and their relative abundance [7] . The output was analyzed using empirical Bayesian model [27] .
Antigens
Pneumococcal cell culture supernatant (CCS) was prepared from a standard encapsulated type 2 (D39) S. pneumoniae strain and an isogenic pneumolysin-deficient mutant (Ply − ) [28] . The concentration of CCS was measured by Bradford protein assay (Sigma-Aldrich), and CCS was heat-inactivated at 56°C for 30 minutes to reduce toxicity of pneumococcal proteins. Mycobacterium tuberculosis purified protein derivative (PPD RT49) was obtained from Statens Serum Institut, Denmark. Influenza antigens were derived from dialyzed inactive trivalent split virion influenza vaccine (Enzira 2006/2007) obtained from Aventis-Pasteur. Phorbol 12-myristate 13-acetate (PMA) and ionomycin were obtained from SigmaAldrich.
Cells and Reagents
Peripheral blood mononuclear cells (PBMCs) were isolated from blood by 25 minutes' centrifugation at 400 g on Histopaque density-gradient medium (Sigma). PBMCs were harvested, washed in Hanks' balanced salt solution (Invitrogen) and resuspended in complete RPMI (RPMI-1640 with 100 U/mL penicillin, 0.1 mg/mL streptomycin, 4 mM L-glutamine and 10 mM HEPES buffer). PBMCs were counted using 0.4% (wt/vol) trypan blue (Sigma), reconstituted in complete RPMI at 1 × 10 6 cells/mL with 2% (vol/vol) heat-inactivated human AB-serum (National Blood Services, Malawi), and incubated at 37°C in 5% CO 2 .
Proliferation and Intracellular Cytokine Staining Assay
PBMCs were labeled with 2.5 µm carboxyfluorescein diacetate succinimidyl ester (CFSE) dye (Invitrogen) to identify dividing T cells. Labeled cells were cultured at 1 × 10 6 cells/mL in 48-well plates with wild-type (WT) CCS (8 µg/mL), Ply − CCS (8 µg/mL), PPD (10 µg/mL), influenza (0.9 µg/mL), phytohemagglutinin (5 µg/mL) or media only. On day 8 PBMCs were further stimulated with PMA (100 ng/mL) and ionomycin (500 ng/mL) for 6 hours and pneumococcal-specific CFSE low proliferating cells were evaluated for IFN-γ and IL-17 production using intracellular cytokine staining. Brefeldin A (10 µg/mL) (Sigma) was added 1 hour after polyclonal stimulation to block cytokine secretion. Cells were harvested and stained with anti-CD4 peridinin-chlorophyll-protein, CD8-ECD, CD56-allophycocyanin (APC) (Beckman Coulter), and CD3-allophycocyanin-H7 (APC-H7) (BD Biosciences) for 10 minutes. After washing with phosphate-buffered saline, cells were permeabilized and fixed using cytofix/cytoperm (BD Biosciences). Cells were then incubated for 30 minutes at 4°C with anti-IFN-γ-APC and IL-17-PE (BD Biosciences) antibodies. Cells were washed with 1 × Perm Wash (BD Biosciences), resuspended, and analyzed by flow cytometry. For analysis, 5000-10 000 T cells were analyzed across all conditions. All CFSE low cells that produced cytokines in media controls were subtracted from each antigenic stimuli and the proportion of T cells producing IFN-γ or IL-17 was recalculated. During preliminary experiments, CD56 was used to evaluate natural killer T-cell proliferation, which was consistently ≤1% of total proliferating CD3 + CD8 -T cells.
Laboratory Methods
Because of low PBMC yield in some participants, we were unable to perform all assays on every subject. Perinasal sampling was refused by 3 study subjects.
Statistical Analysis
Statistical analyses and graphical presentation were performed using GraphPad Prism 5. Nonparametric data were analyzed using the Mann-Whitney U test; results show medians and ranges. The presence or absence of nasopharyngeal colonization and carriage of a noninvasive or invasive serotypes in HIV-infected and -uninfected individuals was analyzed using Fisher exact test. Differences were considered significant if P ≤ .05.
RESULTS
Pneumococcal Colonization Increases During HIV Progression and Remains Elevated Despite ART
As peripheral blood CD4 T cells decline during HIV infection, the incidence of pneumococcal pneumonia increases ( Figure 1A ) [29] . Figure 2C ) or single/multiple serotypes ( Figure 2D ) was comparable with HIV-negative controls and remained unaltered by ART. As study participant group sizes differed, the data were normalized; each serotype was expressed as a percentage of the total individuals within the group.
Impaired Pneumococcal-Specific T-Cell Proliferation Precedes Loss of Control of Pneumococcal Colonization and Is Not Reversed by ART
Recently, we reported that CD4 T-cell depletion and pneumococcal-specific T-cell dysfunction occur early in asymptomatic HIV infection [24] . Furthermore, we find that pneumococcal colonization increases as peripheral blood CD4 T cells decline ( Figure 1B) . Therefore, we investigated the relationship between prevalence of colonization and number and function of pneumococcal-specific proliferating T cells; specifically, whether a sequential decrease in pneumococcal-specific T-cell proliferation resulted in increased colonization or, conversely, whether high colonization boosted pneumococcal-specific T-cell responses following initiation of ART. As part of our experimental approach, we combined a CFSE proliferation assay with intracellular cytokine staining; the data shown in Figure 3 are proliferative responses of CD3 Figure 3A ). In comparison, T-cell proliferative responses to other respiratory antigens, M. tuberculosis PPD ( Figure 3B ) and influenza ( Figure 3C ), were also impaired as HIV infection progressed and were not improved by ART. In parallel, we evaluated the intrinsic capacity of CD4 T cells to respond to phytohemagglutinin during HIV progression and found no significant differences in T-cell proliferation in individuals with variable CD4 counts (data not shown). 
Defective Pneumococcal-Specific T-Cell IFN-γ Production Is Restored Following Increased Rates of Pneumococcal Colonization Whereas IL-17 Responses Remain Unchanged
As Th1 and Th17 have been implicated in the clearance of nasopharyngeal pneumococci, we investigated the underlying balance of peripheral blood Th1/Th17 responses in relation to pneumococcal colonization. CFSE-labeled PBMCs were stimulated with WT CCS, Ply − CCS, M. tuberculosis PPD, and influenza antigens to drive antigen-specific T-cell expansion. After 7 days, cells were restimulated with PMA and ionomycin to generate cytokine production, and antigen-specific proliferating CFSE low T cells were gated for analysis of Th1/IFN-γ and Th17/IL-17. Surface expression of CD4 was downregulated following restimulation; therefore, analysis focused on cytokine production by proliferating CD3 + CD8 -T cells ( Figure 4A ). To ensure that only cytokine profiles from robust antigen-specific responses were evaluated, poor T-cell proliferative responses (≤1.5% proliferating T cells) were excluded from the analysis. In HIV-uninfected individuals, we found that CD3 + CD8 -proliferating T cells generated distinct antigen-specific cytokine profiles. IFN-γ was produced in response to pneumococcal, M. tuberculosis PPD, and influenza antigens. In contrast, stimulation with WT CCS and Ply − CCS produced a high proportion of T-cell IL-17 responses, whereas IL-17 production was lower in response to M. tuberculosis PPD and undetectable to influenza ( Figure 4B ). In asymptomatic HIV infection, significant decreases in T-cell IFN-γ responses to WT CCS ( Figure 4C ) were followed by stark increases in pneumococcal colonization; increased colonization then coincided with the early restoration of pneumococcal-specific IFN-γ responses in HIV-symptomatic individuals in line with healthy controls. In comparison, T-cell IFN-γ responses to M. tuberculosis PPD ( Figure 4D ) remained consistent throughout HIV progression and on ART, whereas responses to influenza ( Figure 4E ) decreased in both asymptomatic and symptomatic HIV-infected individuals and levels were only restored following ART. We found that Th17/IL-17 production was greatest in response to pneumococcal antigens ( Figure 4F ) as compared to M. tuberculosis PPD ( Figure 4G ) and influenza ( Figure 4H) ; but, contrary to our hypothesis, IL-17 responses neither decreased during HIV progression nor increased in response to higher rates of colonization. The dynamic changes in pneumococcal-specific IFN-γ production were not seen in IL-17 responses even in the context of increasing rates of pneumococcal colonization.
DISCUSSION
How healthy individuals control pneumococcal colonization and largely avoid invasive disease remains unclear. The high frequency of carriage and disease in HIV-infected compared to HIV-uninfected individuals [30] suggests that T-cell immunity at the mucosal surface and in the blood plays a critical role [31] . Therefore, we investigated the relationship between pneumococcal colonization and underlying pneumococcalspecific T-cell immunity during HIV progression. We show that rates of pneumococcal colonization in this African adult population are relatively well controlled in asymptomatic HIV infection but that colonization dramatically increases in symptomatic individuals. These HIV-infected adults carry a broad range of invasive and noninvasive pneumococcal serotypes compared with HIV-uninfected controls, suggesting a loss of immune control that allows poor pneumococcal colonizers to occupy the nasopharyngeal niche. Surprisingly, carriage remains high in those established on ART. As we have reported previously [24] , pneumococcal-specific T-cell proliferation is impaired in asymptomatic HIV infection. We now show that immune memory deteriorates as HIV infection progresses and that even when individuals are well-established on ART with good CD4 recovery (6-12 and ≥18 months), defects in pneumococcal-specific T-cell proliferation persist. These data highlight the complex nature of the immunological control of pneumococcal commensalism and prevention of invasion.
In healthy adults, pneumococcal colonization and disease decline with the acquisition of naturally acquired immune memory. This immunity was thought to be largely mediated by anticapsular antibodies [10] ; however, recent carriage experiments comparing antibody-deficient with T-cell-deficient mice suggest that CD4 T cells are key to mucosal clearance of pneumococci [16, 32] . Antibodies to pneumococcal antigens appear to correlate with, but may not be required for, protection against colonization. Following recent data suggesting that Th1/Th17 are important in pneumococcal clearance [12, 16, 18] we investigated whether an underlying qualitative imbalance in Th1/Th17 pneumococcal-specific immunity contributed to our observed changes in pneumococcal colonization. We find that CD4 T-cell IFN-γ production is impaired in asymptomatic HIV-infected individuals, but restored following a dramatic increase in rates of pneumococcal coloni- zation in HIV-symptomatic individuals. Importantly, we find no impairment of pneumococcal-specific IL-17 responses in HIV infection, no increase in IL-17 responses in the context of higher rates of colonization, and no change in IL-17 responses with ART-mediated immune reconstitution. While the importance of Th17-mediated immunity is not excluded by our data, we strongly implicate Th1 responses in the control of pneumococcal colonization in humans. Although Th1 IFN-γ production is restored in symptomatic HIV infection and in individuals on ART, overall there are fewer pneumococcal-specific T cells per se due to prolonged proliferative impairment, which is likely to hinder pneumococcal clearance.
We and others have shown that in populations with a relatively low carriage rates, T-cell responses to mucosal pathogens are somewhat compartmentalized [14, 33, 34] . However, in African populations with higher frequency of colonization, we find a closer relationship between pneumococcal-specific T-cell responses in the upper respiratory tract (URT) mucosa vs periphery (unpublished). We therefore speculate that there is more overspill of T-cell immunity from the mucosa to the blood driven by carriage. Indeed, in this study, the dynamic restoration of pneumococcal-specific IFN-γ responses in heavily colonized HIV-symptomatic individuals supports this possibility. However, potentially the effector:regulatory T cell (Treg) balance within URT mucosa is altered during HIV infection by generalized mucosal T-cell depletion [35] , but preserved pneumococcal [14, 33] and HIV-specific Tregs [36] that reduce peripheral Th1 responses. As HIV infection progresses and Tregs decrease [37] , higher rates of colonization may help restore pneumococcal-specific Th1 responses in our HIVinfected symptomatic cohort. The relative control of nasopharyngeal pneumococcal clearance in asymptomatic compared with symptomatic HIV-infected individuals raises a number of possibilities. Although mucosal T-cell depletion occurs early on in HIV infection [35] there may be sufficient remnant T-cell immunity together with β-defensins [38] , pneumococcal-specific antibodies, complement, and epithelial interleukin 8 recruitment of phagocytes [39] to control colonization. The sudden increase in colonization in HIV-symptomatic individuals may be partly due to the exhaustion and/or overregulation of both innate and adaptive immune control, possibly amplified by opportunistic coinfections, which increase as HIV infection progresses. URT infections cause tissue damage that can favor bacterial attachment [40, 41] and modulate the immune response [42, 43] .
The increased carriage of diverse invasive pneumococcal serotypes in HIV-infected individuals has implications for transmission within host populations and adaptation of the pathogen. Our data suggest that HIV-infected adults have impaired mucosal immunity and as a result, serotypes that were rarely carried are now able to colonize. The carriage of a broad range of serotypes provides a reservoir for the transmission of non-vaccine-preventable pneumococci to other vulnerable groups. Furthermore, multiple carriage of noninvasive and invasive pneumococci increases the chance of horizontal gene transfer (both intra-and interspecies) of antibiotic resistance and virulence genes, contributing to the adaptation of the pathogen [8, 9] and increasing the risk of disease.
In conclusion, our findings strongly support the previously murine-dominated data implicating CD4 T-cell-mediated immunity in the control of pneumococcal colonization, providing a mechanistic basis for this immune defect. However, our results are indicative of a more important role for Th1 as opposed to Th17 cells in mediating this protective effect. They also highlight the complex nature of the immune processes involved, which require further investigation at the mucosal epithelial level. Our data also raise the possibility that persistently high rates of pneumococcal colonization in HIV-infected individuals will perpetuate person-to-person spread within the general and HIV-affected population. Novel approaches that control colonization either through improved vaccine efficacy or better pneumococcal-specific T-cell immune reconstitution are required.
Notes
